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Description 

This invention relates generally to permanent mag- 
nets and, more particularly, to configurations of perma- 
nent magnets used to produce a magnetic field having 
a required strength and flux alignment at a specified si- 
tus. This application is related to USSN 106,114, entitled 
■Permanent Magnet Arrangement" filed October 7, 1 987 
and to USSN 904,000 entitled "Instrument For Non-In- 
vasive Testing For Glucose And Other Body Fluid Con- 
stituents", filed September 4, 1 986. 

The use of permanent magnets to produce and 
maintain magnetic fields of predetermined characteris- 
tics has found wide-spread application throughout varied 
areas of technology. As one example, the use of perma- 
nent magnets in loudspeakers makes possible the accu- 
rate reproduction of sound and music. In another exam- 
ple, described in GB-A-21 12645, permanent magnets 
(in the form of a centre magnet and upwardly extending 
side magnets housed in a box with an elastic top) are 
placed against affected parts of a patient's body as an 
attempt at treatment. 

Permanent magnets offer numerous advantages 
over electromagnets, the most prominent of which is the 
creation of a magnetic field without electrical energy, or 
an external power source. This is an important consid- 
eration in designing portable apparatus, and also results 
in constructions requiring little or no maintenance be- 
yond initial assembly. 

The present invention utilizes particular arrange- 
ments and configurations of permanent magnets to cre- 
ate strong, uniform magnetic fields. Although the uses to 
which the present invention may be put are described 
herein as principally in connection with medical diagnos- 
tic equipment, it should be understood that the invention 
may be utilized wherever a magnetic field is required. 

The present application also discloses means and 
methods for adjusting and enhancing the magnetic fields 
produced by permanent magnets. 

As described in the above-mentioned patent appli- 
cations, the use of magnetic fields makes possible the 
non-invasive testing of human body systems to detect 
the presence of certain substances. In particular, perma- 
nent magnets are used to create a first, or biasing mag- 
netic field to align initially randomly oriented 1 H protons 
present in the nuclei of the substance in the sample being 
tested. Thereafter, a second energy field is applied to in- 
crease the energy level of said nuclei. When the second 
energy field is allowed to collapse, the nuclei return to 
their original, unaligned state, releasing energy which is 
detected and analyzed in the form of an image or spec- 
trum. Certain of such spectra have been found to be 
characteristic of individual substances, and this tech- 
nique of nuclear magnetic resonance (NMR) spectros- 
copy may be used to establish the presence and identity 
of such substances and the concentrations in which such 
substances are present. 

In utilizing NMR diagnostic techniques, creating and 



maintaining the primary or first magnetic field is of critical 
importance. The ability of the field to resolve the signal 
that occurs when the secondary field collapses can be 
characterized as the ratio of overall field strength to the 
5 field gradient present across the portion of the primary 
field within which the test sample is held. As an example, 
if the primary field strength is 10,000 gauss, and the 
change in field strength across the test region is 0.01 
gauss, the field is said to have a resolution of 
10 0.01/10,000, or one part per million (ppm). 

Heretofore, the use of NMR has called for the con- 
struction of large, expensive machinery to produce and 
maintain the magnetic fields necessary for such testing. 
To make NMR equipment compact and portable, the pri- 
75 mary magnetic field which is uniform in strength and di- 
rection, and which has a relatively dense magnetic flux, 
must be created by a relatively light and compact ar- 
rangement of magnets. Visually, such a field may be de- 
fined by the lines of flux which indicate not only the 
20 strength of the magnetic field, but its uniformity and ori- 
entation as well. 

Ideally, the lines of magnetic flux should be parallel 
or nearly parallel and uniform in strength throughout le., 
that portion of the magnetic field used for diagnostic pur- 
25 poses (identified herein as the "test region"). It is effica- 
cious to produce the first or primary magnetic field with 
permanent magnets rather than electromagnets. 

The use of magnets and magnetic energy to diag- 
nose and treat biological disfunctions is well known. As 
30 an example, in French Patent No. 2,562,795 (Jeandey, 
et_ay a permanent magnet system for NMR imaging 
medical diagnostics uses pole pieces separated by 
stacked permanent magnets to form an open examina- 
tion area with the pole pieces "bridging" both stacks of 
35 magnets. Jeanday, et al. also teach the use of electro- 
magnetic coils to adjust the resulting magnetic field. 

Japanese Patent No. 56-14145 (Nippon Denshi 
KJC) teaches an arrangement of permanent magnets 
held within a cylinder. A spacer is placed within the cyl- 
40 inder and sandwiched about the spacer are a pair of cy- 
lindrical pole pieces. The entire assembly is held togeth- 
er by placing magnets outside the pole pieces (separat- 
ed from the pole pieces by a buffer) and utilizing the at- 
traction of the magnets for each other to hold the entire 
45 assembly in place. Nippon Denshi also teaches the use 
of pole pieces having raised central portions, that is, flat 
faces which extend into the air gap between the pole 
pieces and from which the operative flux emanates. Nip- 
pon Denshi fails to teach any use of auxiliary magnets 
50 in combination with the principal magnets. 

United States Patent No. 4,635,643 (Brown ) teach- 
es the use of NMR equipment to perform in vivo meas- 
urement of the mineral content of bone. Brown , however, 
teaches no arrangement of permanent magnets in con- 
55 structing a test chamber for NMR use. 

In United States Patent No. 4,134,395 (Davis ) the 
patentee teaches the use of a permanent magnet to de- 
tect diseased body parts by observing the effect of a 
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magnetic field on the muscles of the legs. Davis also de- 
scribes the physical characteristics of a bar magnet 
showing the extent and shape of the magnetic field pro- 
duced by such a magnet. 

United States Patent No. 3,467,076 (Frisch, et al. ) s 
discloses a magnet arrangement used to produce a field 
of high magnetic flux within which the effect of magnetic 
energy on living things may be observed. Frisch, et al. . 
use a centrally-located electromagnet sandwiched be- 
tween ferromagnetic pole pieces which extend beyond 10 
the edges of electromagnet to form an air gap within 
which the magnetic flux is produced. 

In United States Patent No. 3,358,676 (Frei, etaU 
a method of treatment is taught which requires the use 
of an extremely large and cumbersome magnet struc- 15 
ture. The size and complexity of magnets required to uti- 
lize the phenomenon of NMR in making diagnoses is 
also exemplified in an article appearing in the December, 
1977 issue of Popular Science magazine, entitled 
"Damadian's Supermagnet". The author discusses the 20 
use of NMR to detect cancer cells: the size and strength 
of the magnetic field required to perform this diagnostic 
technique, and the size and complexity of the magnet 
used to produce such a field are well described. 

EP-A-2281 54 discloses a magnetic field generating 25 
device for NMR-CT, in which opposed central permanent 
magnets define an air gap therebetween, and in which 
inclined peripheral permanent magnets extend forwardly 
into the air gap from the periphery of the central magnets. 

According to the present invention there is provided 30 
an apparatus for creating and maintaining a magnetic 
field of selected strength and uniformity, comprising: 

first and second magnet groupings; and 

means for separating said groupings from one ss 

another; 

said first and second magnet groupings and said 
separation means being arranged such that they 
define an air gap across which a magnetic field cre- 
ated by said first and second magnet groupings 40 
extend; 

each said grouping comprising a principal magnet 
means comprising a principal permanent magnet 
magnetized in a direction parallel to said magnetic 
field; 45 
said principal magnet means having a front surface 
disposed opposite the front surface of the principal 
magnet means of the other grouping; 
characterised in that each grouping comprises aux- 
iliary permanent magnet means magnetized in a so 
direction substantially perpendicular to the magnet- 
izing direction of the principal permanent magnets; 
said auxiliary permanent magnet means being posi- 
tioned at, contacting, and extending about the side 
edge surface portion of the principal magnet means ss 
adjacent the periphery of the front surface. 

This arrangement provides lightweight and compact 



groupings of permanent magnets that create a magnetic 
field of improved strength and uniformity. The magnet 
groupings are spaced apart to define an air gap in the 
space between them within which a test region may be 
established. The sample to be treated is placed within 
the test region. In using NMR medical diagnostic tech- 
niques for in vivo testing, the test sample may be a body 
part, such as a finger. 

The permanent magnets create a field of sufficient 
strength and uniformity to allow the application of NMR 
principles to detect the presence of certain substances 
within the test sample. The entire magnet assembly may 
range in weight from about 6 to about 100 pounds and 
creates a magnetic field ranging in strength from about 
0.5 tesla to about 2.0 tesla, as measured across a one 
inch air gap, with one tesla equal to 10,000 gauss. 

The first and second groupings of magnets are as- 
sembled in a test chamber, within which the test sample 
is positioned. Each magnet grouping includes a first or 
principal magnet, a ferromagnetic pole piece in 
face-to-face contact with said principal magnet, and one 
or more auxiliary, or "side" magnets arranged about the 
outer periphery of the pole piece. The second grouping 
of magnets includes components identical to those in the 
first grouping and is placed within the test chamber op- 
posite the first grouping. The polarity of the second 
grouping is opposite that of the first grouping, resulting 
in lines of magnetic flux extending between such group- 
ings. Non-ferromagnetic spacers are used to prevent the 
first magnet grouping from being drawn into contact with 
the second magnet grouping, thereby creating the air 
gap across which the magnetic flux is directed and within 
which the test zone is created for the sample to be tested. 

In another preferred embodiment of the invention, 
secondary auxiliary permanent magnets, or electromag- 
netic "shim" coils wrapped onto a non-ferromagnetic 
core placed within the test chamber are used to 
"fine-tune" the flux alignment across the air gap. 

In yet another preferred embodiment of the inven- 
tion, the pole pieces are specially configured to make the 
resulting magnetic field stronger and/or more uniform. 

In a further preferred embodiment, no pole pieces 
are used, and the auxiliary magnets contact the principal 
magnet. The principal magnet may also be specially con- 
figured to adjust or modify the resulting magnetic field. 

Some embodiments of the present invention will 
now be described by way of example and with reference 
to the accompanying drawings in which:- 

Fig. 1 is a perspective view of a test chamber con- 
structed in accordance with the teachings of the 
present invention; 

Fig. 2 is a view along line 2-2 of Fig. 1 illustrating a 
preferred arrangement of permanent magnets dis- 
posed within the test chamber; 
Fig. 3 is a partial perspective view illustrating the 
arrangement of one grouping of permanent magnets 
surrounding a pole piece; 
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Fig. 4 is a lateral sectional view of one embodiment 
of a pole piece; 

Fig. 5 is a front elevation of a second embodiment 
of a pole piece; 

Fig. 6 is a lateral sectional view taken along line 5-5 
of the pole piece shown in Fig. 5; 
Fig. 7 is a front elevational view of a third embodi- 
ment of pole piece; 

Fig. 8 is a lateral sectional view taken along line 8-8 
of the pole piece shown in Fig. 7; 
Fig. 9 is a cross-sectional view showing a second 
arrangement of auxiliary magnets surrounding a 
pole piece; 

Fig. 10 is a side elevational view of a magnet 
arrangement utilizing a circular pole piece and 
curved, auxiliary magnet segments; 
Fig. 1 1 is a front elevational view of the arrangement 
shown in Fig. 10; 

Fig. 1 2 is a side view of a second version of the mag- 
net arrangement shown in Figs. 10 and 11; 
Fig. 1 3 is a schematic represenation of lines of mag- 
netic flux produced without the use of auxiliary mag- 
nets; 

Fig. 14 shows the arrangement of Fig. 13 with the 
auxiliary magnets in place; 
Fig. 1 5 is a side sectional view of a magnet assembly 
having a cylindrical main magnet, a cylindrical pole 
piece and toroidal auxiliary magnet segments; 
Fig. 16 is a front view of the assembly of Fig. 15; 
Fig. 17 is a perspective view in partial section of a 
cylindrical test chamber utilizing the magnet assem- 
bly of Figs. 15 and 16; 

Fig. 18 is a view of a spacer and core omitted from 
Fig. 17, with no shim coils wound onto the core; 
Fig. 19 is a perspective view of the core of Fig. 18 
upon which no shim coils are wound; 
Fig. 20 is a front view of the core of Fig. 1 9 with shim 
coils in place; 

Fig. 21 is a first lateral view of the core of Fig. 1 9; 
Fig. 22 is a second lateral view of the core of Fig. 
19; and 

Fig. 23 is a sectional view of the principal magnet of 
Fig. 15 and a spool-type holder therefor. 

Referring now to Figs. 1 and 2, the numeral 10 indi- 
cates generally a preferred embodiment utilizing the 
present invention, namely, a test chamber into which a 
test sample is placed to be analyzed using NMR tech- 
niques and within which a first, or biasing magnetic field 
is present. For purposes of clarity, the components re- 
quired to produce and collapse the second magnetic 
field, used in NMR analysis, and to detect the resulting 
signals from the test sample have been omitted. 

Chamber 10 has a front panel 11, side panels 12 
and 1 3 (not shown), a rear panel 1 4, and top and bottom 
panels 15 and 16 respectively. In the first preferred em- 
bodiment shown herein, chamber 10 is depicted as hol- 
low and rectangular. Test apertures 17 and 18 are 



formed, respectively, centered on front and rear panels 
11 and 14. 

Within chamber 10, there is disposed a pair of mag- 
net groupings to be described in greater detail hereinaf- 
s ter. As best seen in Fig. 3, one such magnet grouping 20 
preferably includes a principal permanent magnet 21 ar- 
ranged in face-to-face contact with a ferromagnetic pole 
piece 22. The preferred embodiment of Fig. 3 further in- 
cludes auxiliary, or 'side 0 magnets, 23, 24, 25 and 26 

10 arranged in edgewise fashion about the periphery of pole 
piece 22. In this preferred grouping, both principal mag- 
net 21 and pole piece 22 are square, and auxiliary mag- 
nets 23, 24, 25 and 26 are bar magnets. 

The second grouping 30 of permanent magnets, 

is shown in Fig. 2, is identical to the grouping shown in Fig. 
3, with a principal magnet 31 a pole piece 32, and side 
auxiliary magnets 33, 34, 35 and 36, (36 not herein spe- 
cifically shown). Magnet groupings 20 and 30 are dis- 
posed within chamber 10 as shown in Fig. 2 with pole 

20 pieces 22 and 32 arranged in a spaced-apart 
face-to-face relationship. As shown in Fig. 2, non-ferro- 
magnetic spacers 37 and 38 are used to separate the 
first and second magnet groupings, physically prevent- 
ing the groupings from drawing together, thereby creat- 
es ing and defining an air gap or cavity 39 across which lines 
of magnetic flux extend from pole piece 22 to pole piece 
32. Materials used successfully for the spacers are brass 
or phenolic plastics; other rigid non -ferromagnetic sub- 
stances may also be used. 

30 The individual panels of test chamber 1 0 are formed 
of a ferromagnetic material such as carbon steel or pure 
iron to provide a complete path or circuit for the magnetic 
energy generated by magnet groupings 20 and 30 
throughout the entire chamber. 

35 As seen in Fig. 3, a preferred arrangement of per- 
manent magnets in each grouping has a pole piece with 
a north polar face, and side auxiliary magnets, each hav- 
ing a north polar face in direct contact with pole piece 22 
and a south polar face facing away from pole piece 22. 

^0 it is understood that the polarity referred to here is for 
purposes of convenience only in that the same pole on 
each auxiliary magnet is intended to be facing inwardly, 
corresponding to the pole effectively present on the face 
of the pole piece. 

Magnet grouping 30 has a polarity configuration op- 
posite that of magnet grouping 20, Le. , the face of pole 
piece 22 has an opposite polarity than the face of pole 
piece 32. 

It has been found that the basic characteristics of 
so magnetic field strength and field uniformity in the forego- 
ing configurations are affected, inter alia by three varia- 
bles: the size of the permanent magnet, the shape of the 
pole piece and the material from which the pole piece is 
made. 

S5 Referring now to Figs. 4, 5, 6, 7 and 8, various 
shapes of pole pieces such as 22 are therein depicted. 
As seen in Fig. 3, a first preferred embodiment of pole 
piece 22 is that of a solid rectangular parallelepiped hav- 
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ing planar front and rear faces. For reasons that will be 
set forth more fully hereinbelow, other pole piece config- 
urations have been found to offer certain advantages. 

Referring now to Fig. 4, there is shown in sectional 
view, a second preferred pole piece 40 having a flat pla- 
nar rear face 41 and a front face 42 having a spherical 
hollow 43 formed therein. 

Figs. 5 and 6 show, respectively, front and side sec- 
tional views of a third preferred pole piece 44 having a 
planar rear face 45 and a front face 46 within which a 
conical hollow 47 is formed. 

Figs. 7 and 8 show, respectively, a front eievational 
view and a side sectional view of a fourth preferred pole 
piece 48 having a planar rear wall 49, a front wall 50 and 
a shallow curved hollow 51 formed in front wall 50. As 
described hereinafter, hollow 51 may take the shape of 
a parabolic or exponentially-defined curve, or may be a 
complex curved surface constructed to maximize 
strength and uniformity of the magnetic field at selected 
locations within cavity 39. 

The various shapes and configurations of the pole 
pieces discussed above are intended to enhance the co- 
operation of auxiliary magnets (such as 23, 24, 25 and 
26) with a principal magnet (such as 21) to provide a 
strong, uniform magnetic field within cavity 39. Although 
the reasons that such a magnetic field is produced are 
not fully understood, it is believed that use of auxiliary 
magnets surrounding the selected pole piece results in 
a stronger magnetic field at the edges of the pole piece 
than at its center. The effect of this increased field 
strength is to straighten the flux lines extending across 
cavity 39 and make the field more uniform closer to the 
center of cavity 39. As seen in Fig. 13, a typical pattern 
of flux lines extending between magnet assemblies dem- 
onstrates the tendency of the lines of force to assume a 
non-linear configuration, Le., to "bow" outward as the 
edges of the magnet are approached. Included in Fig. 
13 are principal magnets 52 and 53 and corresponding 
pole pieces 54 and 55. Flux lines 56, although not drawn 
precisely to scale, illustrate the above-described tenden- 
cy- 
Investigations have determined that the strength of 
the magnetic field produced across air gap 39 varies as 
a function of the distance between the midpoint of the air 
gap and each pole piece (herein characterized as the 
z-axis), and the distance from the midpoint of the air gap 
toward side walls 12 and 13 of test chamber 10 (herein 
characterized as the y-axis) or toward the front or back 
walls 1 1 and 1 4 of test chamber 1 0 (herein characterized 
as the x-axis). 

As seen in Figs. 2 and 3, the reference point R (0, 
0, 0) for such measurements is the point midway be- 
tween (a) pole pieces 22 and 32; (b) front panel 11 and 
rear panel 14; and (c) side panels 12 and 1 3. As seen in 
Fig. 3, the axes of reference are drawn with the y-axis 
extending parallel to pole pieces 22 and 22, and perpen- 
dicular to side panels 1 2 and 1 3, and the x-axis extending 
parallel to pole pieces 22 and 32, and perpendicular to 



front panel 1 1 and rear panel 1 4 and the z-axis extending 
perpendicular to pole pieces 22 and 32. 

For the embodiment shown in Fig. 2, when magnetic 
field strength is measured in a plane containing the x-ax- 
s is and y-axis, it has been found that the strength of the 
magnetic field tends to decrease from a maximum at ref- 
erence point R in a generally curvilinear fashion. With 
respect to magnetic strength measured in a plane con- 
taining the x-and z-axis, it has been found that magnetic 
io strength tends to increase when measured from refer- 
ence point R along the z-axis toward each pole piece, 
with the increase following a generally curvilinear track. 

Ideally, the change in magnetic strength measured 
from the reference point should be minimized throughout 
is that portion of the field maintained within the test region, 
that is, the area within which the sample to be tested will 
be placed. An ideal magnetic field within a test region will 
exhibit constant characteristics with respect to field 
strength and field direction, that is, the field strength and 
20 direction will be the same in all parts of the test region. 
Use of pole pieces with varying configurations, and other 
"fine-tuning" techniques to come closer to such ideal field 
characteristics will be discussed in more detail hereinbe- 
low. 

25 In the preferred embodiment being discussed, it is 
an object of the present invention to create a magnetic 
field for use in high resolution NMR spectroscopy. The 
degree of resolution is characterized as the capacity to 
create a magnetic field with a field gradient-to-field 

30 strength ratio adequate to sense the degree of energy 
change created by the application of NMR principles to 
a sample positioned within the magnetic field. The field 
strength is, of course, the magnitude of the magnetic 
force created by the magnet arrangements across the 

35 air gap between them. The field gradient is the change, 
over distance, of the field strength. In other words, with 
a field strength of 10,000 gauss, and a variation of 0.1 
gauss across that region of the air gap used as the test 
zone, the ratio of field gradient to field strength may be 

40 expressed as 0.000001, or 1 part per million (PPM). To 
detect the difference between the spectra created by glu- 
cose and water, the field resolution would have to be 0.5 
ppm. The economic challenge faced in creating a usable 
permanent magnetic field for NMR applications is the 

45 construction of a magnet arrangement which depends 
upon relatively light-weight permanent magnets, pre- 
cisely machined and/or shaped rather than huge perma- 
nent or electromagnets requiring a tremendous mass to 
create the magnetic field required for such testing. 

so For the embodiment shown in Figs. 1-3, as de- 
scribed hereinabove, a magnetic field strength of 10,000 
gauss and a resolution of 1 0-1 8 ppm has been achieved. 

It should be understood that the term "flux lines" rep- 
resents the direction, and uniformity of the magnetic 

ss field. The direction of the magnetic field may be de- 
scribed, for example, by the tendency of small ferromag- 
netic particles such as iron filings to arrange themselves 
along the paths of magnetic force, Le. , the flux lines. The 
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uniformity of the magnetic field may generally be de- 
scribed as the density of the flux lines iti a topographical 
sense. Each flux line represents an increment of field 
strength. The space between adjacent flux lines is an 
area of uniform field strength. Thus, where the flux lines 
are closer together the field gradient is greater, i.e., the 
field is less uniform over a given distance. Where the flux 
lines are farther apart, the field is more uniform over a 
given distance. 

Referring to Fig. 1 3, it should be understood that the 
power and usefulness of the magnet arrangement 
shown therein is dependent upon the relative sizes of the 
magnets and pole pieces. For example, it would be the- 
oretically possible to use magnets and pole pieces sev- 
eral feet in length, with the end goal being the creation 
of a test region somewhere about the mid-point of such 
a construction which would be of sufficient field strength 
and uniformity to be useful in NMR diagnostic applica- 
tions. The challenge to creating a useful magnet ar- 
rangement comes when finite limits to the size of such 
magnets are established in order to manufacture appa- 
ratus which is portable and convenient to use. 

Fig. 14 provides a schematic representation of the 
variation shown in the directions o£ the lines of magnetic 
flux with the addition of auxiliary magnets 57, 58, 59 (not 
specifically shown) and 60 surrounding pole piece 54, 
and auxiliary magnets 61 , 62, 63 (not specifically shown) 
and 64 surrounding pole piece 54. The resulting lines of 
magnetic flux indicated schematically at 65 are straight- 
er, and presenta more uniform magnetic field throughout 
the centermost portion of air gap 39. 

It should be noted that spacers 36 and 37 have been 
omitted from Figs. 1 3 and 14 for purposes of clarity. 

It should also be understood that while the depic- 
tions of flux lines shown in Fig. 1 3 and 14 are planar in 
appearance, such lines of flux extend throughout cavity 
39 (and, thereby, the test region) in a three-dimensional 
array. 

As best seen in Figs. 1 and 2, apertures 17 and 18 
are provided to enable the insertion therethrough of a 
test sample. As an example, for use with NMR diagnostic 
devices, the "test sample" would be a body member, 
preferably a finger, positioned within the magnetic field 
created by the magnet arrangements described herein- 
above. 

Although only one aperture such as 17 or 18 is ac- 
tually required, it is thought that a pair of opposed aper- 
tures may assure that the magnetic field created created 
by the magnet arrangements disposed within chamber 
10 is as uniformly distributed as possible by making 
chamber 10 as symmetric as possible. 

In order to assure accurate and reproducible test re- 
sults, the magnetic field created within test chamber 10 
should be as uniform as possible within the test region, 
that is, the space to which aperture 17 communicates 
and within which the test sample is placed. In this con- 
text, "uniform" means that the lines of flux extending 
across the air gap between the opposed magnet ar- 



rangements will be widely spaced and will be constant 
to as great a degree as possible with respect to the test 
region within test chamber 10 occupied by the inserted 
test sample. 

s Referring now to Fig. 9, there is shown a cross-sec- 
tional view of an alternate preferred embodiment of an 
auxiliary magnet/pole piece arrangement. Pole piece 52 
is formed as a square having beveled edges exemplified 
at 53. The direction of the magnetic field is shown in Fig. 
10 9 using arrows and the letter designation M. Auxiliary 
magnets 54 and 55 are formed with beveled edges 56 
to mate closely with edges 53 of pole piece 52. It is ex- 
pected that this arrangement will result in a "straighten- 
ing" effect on the lines of magnetic flux as they near the 
*5 outer edges of pole piece 52. 

While the reason for this effect is not yet fully under- 
stood, it is known that lines of magnetic flux at a steel/air 
interface leave the magnetized steel normal (perpendic- 
ular) to the steel surface. The lines of magnetic flux em- 
20 anating from pole piece 52 exhibit a tendency to leave 
normal to the surface of pole piece 52. It is believed that 
the beveling of the mating edges of the respective aux- 
iliary magnets and pole piece present a less abrupt and 
more gradual realignment of the lines of magnetic flux 
25 traveling from, for example, auxiliary magnet 54 to pole 
piece 52 and thence outwardly across the air gap 39 
within chamber 10. In other words, where pole piece 52 
is non-beveled, the magnetic flux in question must go 
through a complete 90 degree turn to exit normal to the 
30 face of pole piece 52. 

In the example shown in Fig. 9, the lines of flux en- 
tering pole piece 52 from auxiliary magnet 54 need be 
turned through only a 45 degree angle in order to exit at 
right angles from pole piece 52. It is believed that this 
35 more gradual, step-wise alignment of magnetic flux re- 
sults in an enhanced array of flux lines which are straight- 
er and less distorted. The angles of inclination for edges 
53 and 56 are preferably complementary, Le. , totaling 90 
degrees, to allow the front faces of pole piece 52 and 
40 auxiliary magnets 54 and 55 to be coplanar. 

In the other selected embodiments of pole pieces 
shown in Figs. 4, 5, 6, 7 and 8, the tendency of the out- 
ermost lines of flux to "bow" outwardly is counteracted 
by changing the surface configuration of the pole piece 
45 in question. For example, it is theorized that the lines of 
flux leaving pole piece 40 will do so normal to the curve 
of hollow 43. Thus, the outermost lines of flux will be an- 
gled inwardly in an attempt to counter the tendency of 
said lines of flux to bow outwardly at the edges of pole 
50 piece 40. Within this context, "normal" would be de- 
scribed as an outwardly extending line perpendicular to 
a tangent drawn to the surface of hollow 43 at any given 
point. 

The configuration of hollow 51 may be a regular ge- 
55 ometric shape, or may be dictated by a computer-per- 
formed analysis of the characteristics of each such mag- 
net arrangement and the factors that will affect the direc- 
tion and strength of the resulting magnetic field. While 
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the results of this analysis have not yet been fully char- 
acterized, it has been learned that the uniformity of the 
magnetic field produced within the test region is en- 
hanced when the outermost portions of a selected pole 
piece are closer than the central portion of the pole piece 
to a plane parallel to pole pieces 22 and 32 and bisecting 
air gap 39. The precise shape of a pole piece to maximize 
the strength and uniformity of the magnetic field through- 
out the test zone may consist of a regular geometric 
shape or may consist of a complex curve or set of curves. 

Yet another embodiment of a pole piece/auxiliary 
magnet arrangement is demonstrated in Figs. 10, 11 and 
12. In Fig. 11, principal magnet 65 is formed as a square 
while pole piece 65a is formed as a solid cylinder, with 
one of the circular faces placed against principal magnet 
65 and with the remaining, opposed face facing outward- 
ly Auxiliary magnets 66, 67, 68 and 69 are shown in Fig. 
11 as toroidal segments forming a ring having a square 
or rectangular cross section and fitting completely about 
the outer periphery of pole piece 65a. Such an arrange- 
ment avoids the gaps shown in Fig. 3 where auxiliary 
magnets 23, 24, 25 and 26 terminate. Again, it is theo- 
rized that the arrangement shown in Figs. 1 0 and 1 1 pro- 
duces a more efficient uniform magnetic field by reason 
of the total peripheral contact of auxiliary magnets 66, 
67, 68 and 69 with pole piece 65a. 

As shown in Fig. 12, it is also anticipated that the 
periphery of pole piece 65a and the periphery of auxiliary 
magnet segments 66, 67, 68 and 69 may be beveled to 
achieve the "straightening" effect discussed herein- 
above in connection with Fig. 9. It is also to be under- 
stood that although four auxiliary magnet segments are 
illustrated in Figs. 10 and 11, any number of such seg- 
ments may be used as required. One such construction 
actually assembled and tested utilized 1 6 uniformly sized 
and shaped segments surrounding a circular pole piece. 

Referring now to Figs. 15, 16, 17 and 18, there is 
shown therein yet another embodiment of the magnet 
assemblies and test chamber. Figs. 15 and 16 show, in 
lateral section, and in front elevation a magnet assembly 
70 comprising a cylindrical principal magnet 71, a cylin- 
drical pole piece 72 and toroidal auxiliary magnet seg- 
ments 73, 74, 75 and 76 arranged in edgewise contact 
to pole piece 72. A second magnet assembly 80, com- 
prising principal magnet 81 , pole piece 82, and auxiliary 
magnets 83, 84, 85 and 86 is shown in Fig. 17. As also 
shown in Fig. 1 7, magnet assemblies 70 and 80 are dis- 
posed within a cylindrical housing 90 having end caps 
91 and 92 closing off a main cylindrical body 93. Aperture 
94 is provided in body 93 as a means to insert a test 
sample within the test region formed between the mag- 
net assemblies 70 and 80. 

It is believed that forming body 93 as a cylinder and 
forming principal magnets 71 and 81 , pole pieces 72 and 
82 and auxiliary magnets 73, 74, 75, 76 and 83, 84, 85 
and 86 as, respectively, cylindrical segments and curvi- 
linear toroidal segments will minimize the deviations and 
variations in field strength and direction encountered 



when abrupt changes in shape occur. 

Referring now to Fig. 18, there is depicted a spacer 
87, and a core 1 00, to be described more fully hereinbe- 
low. 

5 Spacer 87 is a rigid, non-ferromagnetic toroidal ele- 
ment intended to be inserted between magnet assem- 
blies 70 and 80 to keep them separated and to maintain 
an air gap between them. Spacer 87 may be made from 
brass or aluminum. 
10 Referring now to Figs. 18, 19, 20, 21 and 22, there 
is shown therein, a core 100, manufactured from rigid, 
non-ferromagnetic material and shaped, configured and 
dimensioned to fit closely within spacer 87, positioned 
between the magnet assemblies used in the present in- 
*5 vention. For purposes of convenience, the placement 
and function of core 100 will be described with respect 
to the embodiment of Fig. 17. Thus, core 100 is placed 
within spacer 87 and between pole pieces 72 and 82. 
As best seen in Figs. 19 and 22, core 100 includes 
20 a core aperture 101 extending diametrically through core 
100 and positioned to register and align with test aper- 
ture 94, shown in Fig. 17. Thus, when a sample to be 
tested is inserted into the test region within housing 90 
via test aperture 94, it will be positioned within core ap- 
25 erture101. 

The function to be served by core 1 00 is the shaping 
and positioning of shim coils to be used in fine-tuning or 
aligning that portion of the magnetic field extending 
throughout the test region within which the sample to be 
30 tested is placed. The use of shim coils on either side of 
a test region seated between permanent magnets is 
well-known and is described in the article entitled "Elec- 
trical Current Shims for Correcting Magnetic Fields 0 , 
written by Weston A. Anderson and appearing in The 
35 Review of Scientific Instruments , Volume 32, Number 
3, at pp. 241-250. 

Core 1 00 has a pair of opposed faces 1 1 0 and 111, 
and a series of grooves milled on the faces and lateral 
edges thereof to accomodate lengths of electrical wire 
40 used to produce electromagnetic forces of selected 
strength and direction when electrical current is passed 
through the wires. 

As best seen in Figs. 19 and 20, certain of the 
grooves are linear while others are formed in circular pat- 
*s terns, As best seen in Fig. 20, the circular grooves are 
formed in two clusters, one a series of concentric circles, 
and the other a series of identically sized, individual cir- 
cles whose centers are equidistantly spaced along an 
imaginary circle drawn on the faces 1 1 0 and 1 1 1 of core 
^o 1 00. The particular shapes, positioning and dimensions 
of the grooves in question will be discussed in greater 
detail hereinbelow. 

In analyzing the magnetic field produced by magnet 
assemblies 70 and 80, it has been found that the non-uni- 
55 form behavior of the magnetic field may be characterized 
as having first order, second order, third order and fourth 
order mathematically-expressible vectors or compo- 
nents, The orientation and alignment of the magnetic 



7 



13 



EP 0 371 775 B1 



14 



field must be evaluated and described in 3-dimensional 
terms as the field exists in the space between pole pieces 
72 and 82. The corrections hereinafter discussed are 
made with the understanding that the magnetic field 
strength and direction at any given point may be ex- 
pressed as a vector having X, Y and Z components. 

The first order component has been found to be a 
generally linear one, the second order component may 
be expressed as a parabolic function, the third degree 
component comprises a generally exponential function, 
while the fourth degree component is much more com- 
plex and is believed to be the result of a combination of 
the deviations noted at the first-second and third-degree 
levels. 

It is believed that a contributing factor to these devi- 
ations from uniformity is the reflection of a portion of the 
magnetic field by the steel pole pieces utilized in magnet 
assemblies 70 and 80. 

The magnetic field created between magnet assem- 
blies 70 and 80 is characterized in three dimensions, as 
generally shown in Figs. 2 and 3 with the X and Y axes 
extending perpendicular to each other and parallel to the 
faces of the pole pieces, while the Z axis extends per- 
pendicularly to and between the pole pieces. For the pur- 
pose of discussing the use of core 100 and the associ- 
ated shim coils in the embodiment shown in Fig. 17, we 
will assume that the mid-point or reference point (X = 0, 
Y = 0, Z = 0) is located along the axis of cylinder 90 and 
midway between pole pieces 72 and 82. The X axis will 
be assumed to extend along the axis arbitrarily drawn 
through and centered within aperture 94, the Y axis is 
perpendicular to the X axis and extending parallel to the 
faces of pole pieces 72 and 82, and the Z axis extends 
along a portion of the axis of cylinder 90 between pole 
pieces 72 and 82. 

It has been found that the use of shim coils formed 
in a rectangular configuration will correct the magnetic 
field with respect to the uniformity of the field. Referring 
now to Figs. 20 through 22, the rectangular shim coils in 
question are formed by wrapping turns of insulated, elec- 
trically-conductive wire within the linear grooves formed 
on and about core 1 00. Preferably, the shim coil windings 
use thin, insulated lengths of wire of the order of .008 
inches in diameter. Such windings offer a number of ad- 
vantages in that the total mass available for the use of 
electromagnetic energy may be selected and adjusted 
by varying the number of turns of wire used. Such a tech- 
nique will also limit the effect of spurious electromagnetic 
fields created by the wires themselves as the wire leads 
enter and exit chamber 90. Smaller diameter wires will 
produce smaller such spurious fields. 

For purposes of reference only, the grooves shown 
as extending upward and downward in Fig. 20, will be 
identified as vertical grooves, while the grooves extend- 
ing left to right will be characterized as horizontal 
grooves. 

Referring now to Fig. 20, there is shown a first group 
102 of vertical grooves comprising three parallel grooves 



and a second group 1 03of three parallel vertical grooves 
extending across face 110 of core 100. It should be un- 
derstood, at this point, that the obverse face 111 of core 
100 has formed thereon identically sized shaped and di- 
5 mensioned vertical grooves. 

For purposes of identification, those segments of the 
grooves appearing on face 110 of core 100 will be re- 
ferred to as groove segments, 104a, 105a and 106a, 
107a, 108a and 109a, while the corresponding groove 
10 segments on obverse face 111 of core 100 will be re- 
ferred to, correspondingly, as 104c, 105c, 106c, 107c, 
108c and 109c. 

Referring now to Fig. 21, it may be seen that each 
group of vertical grooves 102 and 103 includes groove 
*5 segments extending along the lateral edge 112 of core 
100. These groove segments will be identified, respec- 
tively, as segments, 104b, 105b, 106b, 107b, 108b and 
109b. It should also be understood that the opposed lat- 
eral edge 113 of core 100 has formed thereon corre- 
20 spondingly sized and shaped groove segments which 
will be identified as segments 104d, 105d, 106d, 107d, 
108dand109d. 

A single rectangular shim coil 1 04 is formed by wind- 
ing insulated, electrically conductive wire within groove 
25 segments 104a, 104b, 104c and 104d to extend about 
the entire periphery of core 100. As seen in Fig. 20, the 
shim coils formed by groups 102 and 103 surround ap- 
erture 101 and, thereby, the test region. Similarly formed 
coils 105, 106, 107, 108, and 109 are formed by windings 
30 within the remaining vertical grooves. 

In similar fashion, groups 1 1 4 and 1 1 5 of horizontally 
extending grooves as shown in Fig 20 will contain coils 
116,117, 118, 119, 120 and 121 formed by placing wind- 
ings in groove segments, 116a-d, 117a-d, 118a-d, 
35 H9a-d, 120a-d and 121a-d corresponding to the de- 
scription hereinabove of the vertically extending 
grooves. Coils 116, 117, 118, 119, 120 and 121 will thus 
extend about the entire periphery of core 100, across 
face 110, lateral edge 122, obverse face 112 and lateral 
40 edge 123. 

Groove groupings 1 02 and 1 03 intersect with group- 
ings 114 and 115 along face 110 and obverse face 111. 
In order to obtain as uniform a wrapping as possible, one 
set of grooves will be deeper than the intersecting set of 
& grooves so that the windings within one set of grooves 
will not touch the corresponding windings at the points 
of intersection. 

Referring to Fig. 1 8, there is shown on face 1 1 0 two 
groupings of circular grooves. The first grouping is a se- 
50 ries of concentric, or "on-axis" circles formed about cent- 
er 124 of face 110. For purposes of reference, it should 
be noted that the Z axis passes through center 1 24 when 
core 100 is properly positioned within body 93. 

In similar fashion to that described hereinabove, the 
55 on-axis shim coils 125, 126, 127, 128, 129 and 130, 
shown in Fig. 20 are formed by wire windings laid within 
on-axis circular grooves, 125a, 126a, 127a, 128a, 129a 
and 130a, shown in Fig. 18. Corresponding shim coils 
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1 31 , 1 32, 1 33, 1 34, 1 35 and 1 36 are formed on obverse 
face 111 within grooves 131a, 132a, 133a, 134a, 135a 
and 1 36a (not herein specifically shown). In the present 
embodiment, shim coils 1 25, 1 31 are identical in size and 
are positioned in fixed, parallel spaced relationship, as 
are coil pairs 126, 132; 127, 133; 128, 134; 129, 135; 
and 1 30, 1 36. It has been found that when corresponding 
on-axis coils such as that described hereinabove are en- 
ergized by passing electrical current therethrough, field 
uniformity in the Z direction is adjusted and enhanced. 

A second group of circular shim coils (the "off-axis 0 
shim coils) 137, 138, 139 and 140, as seen in Fig. 20, is 
formed by windings located within spaced circular 
grooves 137a, 138a, 139a and 140a shown, in Fig. 18, 
as spaced equidistantly about face 110 with the centers 
of said circles equidistant from center 124 of core 100. 
Corresponding off -axis coils 141, 142, 143 and 144 (not 
herein shown) are formed on obverse face 112 as well, 
within corresponding circular grooves 141a, 142a, 143a 
and 1 44a (not herein shown). It has been found that the 
spaced circular shim coils can be used to adjust and cor- 
rect the uniformity of the magnetic field about the 2 axis. 

Fig. 1 8 shows core 1 00 assembled within spacer 87, 
with the windings forming surrounding, on-axis and 
off-axis shim coils in place. As seen in Figs. 19 and 20, 
case 100 has "ears" 145 formed thereon, while spacer 
87 has slots 146 milled therein to register with and re- 
ceive ears 145 to prevent rotation of core 100 within 
spacer 86. 

Spacer 87 also includes an annular groove 147 
formed on face 148, with a corresponding annular 
groove 149 formed on obverse face 1 50 (not herein spe- 
cifically shown). An additional on-axis shim coil 1 51 may 
be wound onto insert 152, with a corresponding on-axis 
shim coil 1 53 formed onto insert 1 54 on obverse spacer 
face 1 50. Additional such grooves and coils may be add- 
ed as deemed necessary. 

The windings forming the above-described shim 
coils terminate at, and are gathered by lead-out cables 
155 and 156 respectively. Lead-out cable 155 is seated 
within radial channel 157 while lead-out cables 156 is 
seated within radial channel 158. 

In a preferred embodiment, selected shim coils or 
groups of shim coils are connected to separately control- 
led dc power supplies and are separately adjustable to 
control the characteristics of the permanent magnetic 
field. 

As an example, corresponding shim coils 104 and 
107 are controlled by a single power supply to correct 
the field for uniformity along the y-axis while shim coils 
118, 119 are separately controlled to perform a similar 
correction along the x-axis. Shim coils 104, 105, 108 and 
109 are controlled by a single power supply to correct 
second order non-uniformity along the y-axis, with coils 
116, 117, 120, 121 making similar corrections along the 
x-axis. 

On-axis coils 127 and 1 33 are controlled by a single 
power supply, as are on-axis grouping 133, 128, 131, 



134; grouping 126, 130, 132, 136; and grouping 129, 
1 35, 1 48, 1 50. The spacing, diameter and number of wire 
turns of these on-axis coils have been selected to correct 
the magnetic field aberations described hereinabove, 

* with group 127, 133 correcting the first order, or linear 
gradient; group 125, 128, 131, 134 correcting the third 
order, or exponential gradient; group 126, 130, 132, 136 
correcting the second order, or parabolic gradient; and 
group 129, 135, 148, 1 50 correcting the fourth order gra- 

io dient. 

Off-axis coils 1 37, 1 39, 1 41 , 1 43 are separately con- 
trolled, as are coils 138, 140, 142, 144. The off -axis coils 
correct that portion of the magnetic field vectors which 
extend along the x-axis and y-axis. 
*5 The size, shape, spacing and current flow through 
the above-described shim coils are determined by com- 
puter simulation of the magnetic field, anticipated re- 
quired corrections and experimentation, varying current 
flow can be accomplished by varying the number of turns 
20 of wire forming selected shim coils as well as the elec- 
trical energy passing through the coils. With respect to 
the on-axis and off-axis coils, corresponding coils in par- 
allel, face-to-face relationship across air gap 39 are pref- 
erably simultaneously adjusted and are identically sized, 
25 shaped and wound. 

It has been found that use of the shim coils as de- 
scribed hereinabove has increased the resolution of the 
resulting magnetic field to about 0.5 ppm, a factor of be- 
tween twenty and one hundred compared to achieved 
30 unshimmed results. 

The pole pieces and magnets to be used in connec- 
tion with the present invention may be machined to pro- 
duce precisely shaped and configured pieces. Alterna- 
tively, the pieces may be molded, using powdered metal, 
35 to produce highly-toleranced and uniformly made parts. 
One material believed to be satisfactory for the manu- 
facture of the principal magnets is known as Neodymium 
35, although the operation of the present invention is not 
deemed to be dependent upon the particular magnetic 
40 material. 

It is anticipated that the accuracy and efficiency of 
the proposed invention may be heightened by the use of 
secondary auxiliary permanent magnets disposed within 
test chamber 1 0 proximate to the selected auxiliary mag- 
45 nets surrounding each selected pole piece. The place- 
ment of such secondary auxiliary magnets is shown 
schematically in Fig. 2 at 63. The positioning and 
strength of such secondary auxiliary magnets may be 
adjusted experimentally in order to produce an optimally 
50 uniform magnetic field, particularly across that portion of 
the field interrupted by the insertion of the test subject 
through aperture 17. 

The techniques or embodiments shown in Figs. 4 
through 9 may be combined, with pole pieces and aux- 
55 iiiary magnets having beveled edges and with pole piec- 
es having surface hollows, holes, depressions, projec- 
tions or other configurations formed therein or thereon, 
as disclosed hereinabove. 
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in performing nuclear magnetic resonance testing, 
it has been found that the accuracy and reproducibility 
of the results of such testing are enhanced when the test 
sample is rotated or spun with respect to the permanent 
magnetic field. Spinning exposes the molecules in the 
test sample to an average of the magnetic field strength, 
cancelling some of the effects caused by variations in 
field uniformity. Physical spinning may be easily per- 
formed where the test sample is, for example, a test tube 
or other storage vessel placed within the test region of 
the particular NMR device. However, spinning or rotating 
the test sample is impossible where the sample is a body 
extremity as, for example, a finger. 

It has been discovered that the same effect accom- 
plished by physically spinning the test sample may be 
realized by modulating the electrical current passing 
through the shim coils described hereinabove. When 
used to align and adjust the magnetic field, the shim coils 
are supplied with dc electrical current. It has been found 
that the spinning effect may be created by modulating a 
portion of the electrical current as it passes through the 
shim coils. It is believed that the modulation causes a 
shift or movement of the field thus producing "spinning" 
in that although the sample is stationary, a portion of the 
electromagnetic field produced by the shim coils is mov- 
ing with relation thereto. 

Another technique to be used for producing more ac- 
curate NMR results involves the use of ultrasonic energy 
introduced into the test sample to induce more random 
motion to the molecules within the sample. It is believed 
that random motion of the molecules more uniformly ex- 
poses the molecules to the full force of both the aligning 
and exciting fields and makes possible more reproduci- 
ble results with respect to detecting and interpreting the 
change in energy level when the exciting field is col- 
lapsed. 

As seen in Fig. 22, an ultrasonic transponder 160 is 
positioned within aperture 101 of block 100 at the lower- 
most portion thereof. A test sample, contained in a vessel 
such as a test tube, would, when inserted, into aperture 
101, come into contact with transponder 160 and when 
energized, transponder 160 would transmit ultrasonic 
energy to the sample contained in the test vessel. 

The NMR techniques described hereinabove are 
also applicable to detection of electron spin resonance 
in a test sample. Using the technique of electron spin 
resonance, electrons in the test sample are resonated 
rather than protons. This requires higher frequencies of 
exciting energy due to the much smaller mass of the 
electron and the electrons much higher mobility. Until the 
use of the present invention, prior art spin resonance 
equipment called for water-cooled magnets on the order 
of 2700 kg (6,000 pounds). 

Referring now to Fig. 15, the numeral 170 indicates 
generally a series of resistance-type heating elements 
wrapped about principal magnet 71. It has been found 
that the magnetic field strength created by permanent 
magnets such as principal magnet 71 is affected by 



changes in ambient temperature. Generally, as the tem- 
perature decreases, the magnetic field strength increas- 
es. Accordingly, heater wires 170 are provided as a 
means for thermostatically adjusting and maintaining the 
5 temperature of principal magnet 71 within a selected 
temperature range. Such adjustment may be made man- 
ually, or may be controlled by a thermostatic device 
which senses changes in the ambient temperature. It 
should be understood that thermostatic control also ex- 
io tends to cooling principal magnet 71 to a desired tem- 
perature as well. Cooling coils (not herein specifically 
shown) may also be used, as well as coils to carry a heat- 
ing or cooling liquid or gas. 

Another factor which affects the operating charac- 

15 teristics of magnet assemblies such as 70 is the tenden- 
cy of certain ferromagnetic materials to become saturat- 
ed when exposed to magnetic energy. Saturation, within 
the context of the present invention, means a tendency 
for the pole piece to limit the passage of magnetic flux 

20 therethrough. It has been found that pole piece 72, when 
magnetized by auxiliary magnets 73, 74, 75 and 76 be- 
comes peripherally saturated, with flux forced to the un- 
saturated, central portion of the pole piece as those por- 
tions of the pole piece in contact with the auxiliary mag- 

25 nets become saturated. The saturation characteristics of 
selected pole pieces may be utilized as a limit under cer- 
tain circumstances. For example, should a magnet as- 
sembly be intended for use out of doors, the material 
used for the pole piece can limit the magnet's increase 

30 in strength due to low ambient temperatures by choosing 
a material which becomes saturated at a selected tem- 
perature, limiting the magnet's strength at temperatures 
below the selected temperatures. Saturation data and 
saturation curves for various ferromagnetic materials are 

35 well-known in the art and may be utilized in selecting pole 
pieces for individual applications. 

Referring now to Fig. 15, a set of modulating coils 
171 is shown wrapped about principal magnet 71. The 
purpose for the modulating coils is to adjust the magnetic 

40 field strength within air gap 39 by an amount equal to 
several gauss. Although this shift in field strength is rel- 
atively small when compared to the overall field strength, 
it will make it possible to move a test sample in and out 
of resonance when used in connection with NMR anal- 

45 ysis. The shift in and out of resonance will be useful in 
slightly shifting the peak or the location of the resonant 
peak in order to or accurately analyze the test sample. 

Referring now to Fig. 15, it has been found advan- 
tageous to make pole piece 72 smaller in diameter than 

so principal magnet 71 such that principal magnet 71 over- 
laps the outermost edges of pole piece 72. It is believed 
that such a construction avoids the magnetic field aber- 
ations which occur when a ferromagnetic piece and a 
magnet meet along an interface exposed to the air. For 

55 example, if pole piece 72 and principal magnet 71 were 
of equal diameter, an interface would exist at the point 
where the rearmost face of pole piece 72 and the front- 
most face of magnet 71 meet at their peripheries. This 
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situation is avoided by the selection of the diameter sizes 
shown in Fig. 1 5. 

Although the auxiliary magnets shown, for example, 
in Figs. 15 and 16 are formed as discrete segments, it is 
also contemplated that a single casting may be manu- 
factured which would eliminate any interface between 
the pole piece and the auxiliary magnets. The techniques 
for forming such a casting, even of disparate materials, 
and selectively magnetizing portions of the casting are 
well-known and could be readily employed within the 
teachings of the present invention. It is also contemplat- 
ed that a single casting which includes not only the pole 
piece and auxiliary magnets but the principal magnet as 
well may also be manufactured. 

Assembly of the test apparatus shown in Fig. 1 may 
be described as follows. Principal magnet 31 is posi- 
tioned on bottom panel 16, and pole piece 32 is posi- 
tioned atop principal magnet 31. Next, spacers 36 and 
37 are stacked and held atop pole piece 32. Pole piece 
22 is then stacked atop spacers 36 and 37, followed by 
principal magnet 21 and top panel 15. Auxiliary side 
magnets 33 and 35 are next positioned along opposed 
edges of pole piece 32: in like fashion auxiliary side mag- 
nets 23 and 25 are positioned along the corresponding 
edges of pole piece 21 . Auxiliary magnets 24, 26 and 34, 
36 are next assembled to pole pieces 21 and 31. Top 
panel 15, and side panels 11, 12, 13 and 14 are then 
attached, completing assembly. Where shim coils are 
used, spacers 37 and 38 carry case 1 00 with the required 
shim coils assembled thereto. 

In an alternate embodiment, said auxiliary magnets 
would be placed directly about the periphery of principal 
magnet 21 . For such an arrangement, principal magnet 
21 would have to be free from manufacturing flaws which 
create field discontiniuties or "hot spots" which may be 
corrected by the use of a pole piece. 

It is also anticipated that machining or shaping the 
face of principal magnet 21 as described hereinabove 
with respect to pole piece 22 will produce field-adjust- 
ing-heightening effects as described hereinabove. To 
construct a test chamber such as that shown in Fig. 1 , a 
pair of such alternate groupings, consisting of a principal 
magnet surrounded by auxiliary magnets may be used 
in the same fashion as described hereinabove. 

In the preferred embodiment shown in Fig. 17, as- 
sembly may be made as follows. Principal magnet 71 is 
positioned on end cap 91 . Pole piece 72 is then placed 
upon principal magnet 71 and auxiliary magnets 73, 74, 
75 and 76 are then placed about the periphery of pole 
piece 72. Completed magnet assembly 70, together with 
end cap 91 is inserted into one end of body 93 and se- 
cured. 

Core 1 00 with the shim coils selected for use is next 
inserted into spacer 87, and the core/spacer assembly 
is inserted from the remaining open end of body 93 and 
positioned within body 93 to align test aperture 94 with 
core aperture 101. 

Next, magnet assembly 80 is assembled to end cap 



92 as hereinbefore described with respect to magnet as- 
sembly 70 and end cap 91 . Completed assembly 80 and 
end cap 92 are then inserted to close off chamber 93 and 
complete assembly of test chamber 90. 
s As seen in Fig. 23, a variation of the foregoing as- 
sembly would include a non -ferromagnetic spool 172 
onto which modulating coils 171 and/or heater coils 170 
may be wound. Principal magnet 72 would be inserted 
within spool 172 and, thereafter, inserted into body 93. 
It is desirable that spool 1 72 be machined to close toler- 
ances to perform the additional function of aligning prin- 
cipal magnet 71 within body 93 to assure that the axis of 
principal magnet 71 and body 93 coincide. 

The embodiments discussed hereinabove are con- 
cerned with the somewhat stringent requirements for 
magnetic fields used in NMR spectroscopic analysis. 
The present invention may be equally applied to circum- 
stances requiring less stringently controlled magnetic 
fields by omitting, for example, pole pieces, shim coils, 
modulating coils, thermostatic controls, and other 
"fine-tuning" expedients discussed herein. The teach- 
ings of the present invention may readily be adapted to 
the particular circumstances and requirements of each 
such use. 



Claims 

1. Apparatus for creating and maintaining a magnetic 
30 field of selected strength and uniformity, said appa- 
ratus comprising: 



first and second magnet groupings (20,30) ; and 
means for separating said groupings (20,30) 

35 from one another; 

said first and second magnet groupings and 
said separation means being arranged such 
that they define an air gap (39) across which a 
magnetic field created by said first and second 

40 magnet groupings extends; 

each said grouping (20,30) comprising a princi- 
pal magnet means (21 ,22;31 ,32) comprising a 
principal permanent magnet (21,31) magnet- 
ized in a direction parallel to said magnetic field; 

45 said principal magnet means (21 ,22;31 ,32) hav- 

ing a front surface disposed opposite the front 
surface of the principal magnet means of the 
other grouping; 

characterised in that each grouping comprises 
50 auxiliary permanent magnet means (23-26; 

33-36) magnetized in a direction substantially 
perpendicular to the magnetizing direction of 
the principal permanent magnets; said auxiliary 
permanent magnet means being positioned at, 
55 contacting, and extending about the side edge 

surface portion of the principal magnet means 
(21 ,22;31 ,32) adjacent the periphery of the front 
surface. 
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2. Apparatus according to claim 1, wherein said prin- 
cipal magnet means of a said grouping includes a 
ferromagnetic pole piece (22;32) defining said front 
surface. 

5 

3. Apparatus according to claim 1 or 2, wherein said 
front surface of said principal magnet means of a 
said grouping is square; and said auxiliary magnet 
means of said grouping comprises four bar magnets 
(23-26; 33-36) with each bar magnet sized and 10 
shaped to be coextensive with one side edge of said 
principal magnet means. 

4. Apparatus according to claim 1 or 2, wherein said 
front surface (65,65a) of said principal magnet 15 
means of a said grouping is cylindrical. 

5. Apparatus according to claim 4, wherein said auxil- 
iary magnet means of said grouping includes a 
number of curved segments (66-69) contacting said 20 
principal magnet means and extending about the 
entirety of its front surface edge. 

6. Apparatus according to any preceding claim, includ- 
ing at least one electromagnet positioned proximate 25 
said principal magnet means of a said grouping. 

7. Apparatus according to claim 6, wherein said elec- 
tromagnet includes means for regulating the mag- 
netic field produced by said principal magnet means. 30 

8. Apparatus according to any preceding claim, includ- 
ing at least one secondary auxiliary permanent mag- 
net (63) positioned proximate said principal magnet 
means of a said grouping. 35 

9. Apparatus according to any preceding claim, 
wherein a hollow (43,47,51) is formed on the front 
surface of said principal magnet means of a said 
grouping. 40 

10. Apparatus according to claim 9, wherein said hollow 
is configured as a conic section (47). 

1 1 . Apparatus according to claim 9, wherein said hollow 45 
is configured as a curvilinear surface (51). 

1 2. Apparatus according to claim 1 1 wherein said curvi- 
linear surface (51) is parabolic. 

50 

13. Apparatus according to claim 11, wherein said cur- 
vilinear surface (43) is spherical. 

14. Apparatus according to any preceding claim, 
wherein said principal magnet means of a said ss 
grouping is formed with a bevel (53) at its front sur- 
face edge, said bevel (53) sloping radially inwardly 
from said front surface towards a rear surface of said 



principal magnet means. 

15. Apparatus according to claim 14, wherein said aux- 
iliary magnet means of a said grouping is formed 
with a bevelled surface (56), said bevelled surface 
(56) contacting said bevelled edge (53) of said prin- 
cipal magnet means. 

16. Apparatus according to claim 15, wherein the angles 
of inclination of said bevelled edge (53) and said 
bevelled surface (56) are complementary. 

17. Apparatus according to any preceding claim, 
wherein at least one modulating electromagnetic 
coil (171) is wrapped about said principal magnet 
means of a said grouping. 

18. Apparatus according to any preceding claim, includ- 
ing means (170) for thermostatically controlling the 
temperature of said principal magnet means of a 
said grouping. 

1 9. Apparatus according to claim 1 8, wherein said ther- 
mostatic control means comprises one or more elec- 
tric heating elements (1 70) wrapped about said prin- 
cipal magnet means. 

20. Apparatus according to claim 1 8, wherein said ther- 
mostatic control means comprises one or more con- 
duits through which a heating or cooling gas or liquid 
is forced, said conduits being wrapped about said 
principal magnet means. 

21. Apparatus according to any preceding claim, includ- 
ing means for limiting the magnetic field produced 
by said groupings. 

22. Apparatus according to claim 21 , wherein said lim- 
iting means comprises a material from which at least 
the front surface of the principal magnet means of a 
said grouping is fashioned in order to saturate said 
front surface with magnetic energy at a given 
selected temperature and thus limit the amount of 
magnetic energy transmitted by said front surface at 
said temperature. 

23. Apparatus according to any preceding claim, includ- 
ing a magnet housing (10;90) manufactured from 
ferromagnetic material, said first magnet grouping 
(20;70) disposed at a first end of said housing and 
said second magnet grouping (30;80) disposed at a 
second, opposite end of said housing (10;90), said 
housing (10;90), said magnet groupings 
(20,30;70,80) and said air gap (39) defining a closed 
circuit for the flow of magnetic energy. 

24. Apparatus according to any preceding claim, 
wherein the polarity of said first magnet grouping 
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(20;70) is opposite that of said second magnet 
grouping (30;80). 

25. Apparatus according to any preceding claim, includ- 
ing field adjusting means comprising a first grouping s 
of at least one pair of electromagnetic shim coils 

( 1 25-1 44) positioned in parallel fixed spatial relation- 
ship and through which a controllable electrical cur- 
rent is passed. 

10 

26. Apparatus according to claim 25, wherein said first 
grouping of said shim coils is parallel to said front 
surfaces of said permanent magnet means and is 
positioned to centre a test region between said shim 
coil pairs. is 

27. Apparatus according to claim 25 or 26, wherein said 
first shim coil grouping includes a plurality of said 
pairs of shim coils. 

20 

28. Apparatus according to claim 27, wherein each said 
shim coil pair has a first coil (1 25-1 30, 1 37-1 40) and 
a second coil (131-136, 141-144), all said first shim 
coils being coplanar and all said second shim coils 
being coplanar. 25 

29. Apparatus according to any of claims 25 to 28, 
including field adjusting means comprising a second 
grouping of electromagnetic shim coils (104-109, 
116-121), each said coil formed as a closed loop with 30 
at least one pair of said coils extending in a direction 
perpendicular to said front surfaces of said principal 
magnet means. 

30. Apparatus according to claim 29, wherein said sec- 35 
ond grouping includes a plurality of said pairs of shim 
coils. 

31. Apparatus according to any of claims 25 to 30, 
wherein said field adjusting means further includes 40 
a core (100) onto which said electromagnetic shim 
coils are mounted, said core (100) having a pair of 
opposed parallel surfaces (110,111) disposed paral- 
lel to said front surfaces of said principal magnet 
means, each said core surface (110,111) having at 45 
least one groove formed thereon corresponding in 
size and shape to a said shim coil, each said shim 
coil mounted to said core surface within said corre- 
sponding groove. 

50 

32. Apparatus according to claim 31 , wherein said shim 
coils are formed as a series of concentric circles 
(125-130) with each said core surface having a 
series of corresponding concentric circular grooves 
(125a-130a) thereon shaped and dimensioned to 55 
receive said concentric shim coils (125-130). 

33. Apparatus according to claim 32, wherein a corre- 



sponding set of grooves (125a-130a, 131a-136a) 
and, thereby, shim coils (125-130, 131-136) is 
formed on each said core surface (110,111). 

34. Apparatus according to any of claims 31 to 33, 
wherein each said core surface (110,111) has a 
series of non-concentric circular grooves 
(137a-140a) formed thereon with one said electro- 
magnetic shim coil (137-140) disposed within each 
said groove. 

35. Apparatus according to claim 34, wherein each said 
non-concentric circular shim coil (137-140) on said 
first core surface (110) is positioned in opposed, 
fixed, parallel spaced relationship to a correspond- 
ing non-concentric shim coil (141-344) on said sec- 
ond core surface (111). 

36. Apparatus according to claim 35, wherein said 
non-concentric circles (137-140) are arranged in a 
nonoverlapping- pattern with said circles spaced 
equidistantly about each said core surface 
(110,111). 

37. Apparatus according to any of claims 31 to 36, 
wherein said core (100) further comprises opposed 
first (112) and second (113) lateral edges and 
opposed third (122) and fourth (123) lateral edges, 
said core (100) having at least one pair of linear 
grooves formed thereon, with each said groove hav- 
ing a first groove segment (104a) on said first sur- 
face (1 10), a second groove segment (104b) on said 
first lateral edge (112), a third groove segment 
(104c) on said second surface (111) and a fourth 
groove segment (1 04d) on said second lateral edge 
(113) to form a continuous mounting groove (104), 
each said groove having one said shim coil 
(104-109) mounted therein. 

38. Apparatus according to claim 37, wherein said core 
member (100) includes a multiplicity of said linear 
grooves extending about said first surface (110), 
said first lateral edge (112), said second surface 
(111), said second lateral edge (113) and extending 
about said first surface (1 1 0), said third lateral edge 
(1 22), said second surface (111) and said fourth lat- 
eral edge (123). 

39. Apparatus according to claim 38, wherein said shim 
coils are formed by winding a selected number of 
turns of wire (104-109, 116-121) in each said linear 
groove. 

40. Apparatus according to claim 39, wherein said shim 
coils (1 04-1 09, 116-121) overlap and surround a test 
region. 

41. Apparatus according to any of claims 25 to 40, 
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wherein said shim coils are controlled in selected 
groupings of shim coil pairs by using a separate 
power supply for each said selected grouping. 

42. Apparatus according to any of claims 25 to 41, 
including means for modulating the magnetic field 
produced by said shim coils to produce relative 
motion of said magnetic field with respect to a test 
sample placed between said first and second mag- 
net groupings. 

43. Apparatus according to any preceding claim, com- 
prising means (160) for imparting ultrasonic energy 
to a test sample positioned between said first and 
second magnet groupings (20,30). 

44. Apparatus according to any preceding claim, includ- 
ing a modulating coil (171) wrapped about a said 
principal magnet means. 

45. Apparatus according to any preceding claim, includ- 
ing means to limit the amount of magnetic flux trans- 
mitted through said front surface of said principal 
magnet means of a said grouping by selecting a 
material from which said front surface is manufac- 
tured which becomes saturated at a given tempera- 
ture. 

46. Apparatus according to claim 2 or any claim depend- 
ant on claim 2, wherein said pole piece (65a) of a 
said grouping is smaller than and is overlapped by 
said principal magnet means of said grouping. 

47. Apparatus according to any preceding claim, 
wherein any combination of said principal permanet 
magnet, auxiliary magnets, and pole piece when 
provided, are manufactured as a single, integral 
object. 



Patentanspruche 

1. Vorrichtung zum Erzeugen und Aufrechterhalten 
eines Magnetfeldes ausge wan Iter Starke und 
GleichmaGigkeit, wobei die Vorrichtung umfaGt: 

eine erste und eine zweite Magnetgruppierung 
(20, 30), und Mittel zum Trennen der Gruppie- 
rungen (20, 30) voneinander; 
wobei die erste und die zweite Magnetgruppie- 
rung und die Trennmittel derart angeordnet 
sind, daft sie einen Luftspalt (39) bilden, uber 
den sich ein durch die erste und die zweite 
Magnetgruppierung erzeugtes Magnetfeld 
erstreckt; 

wobei jede Gruppierung (20, 30) ein Hauptma- 
gnetmittel (21 , 22; 31 , 32) umfaGt, das einen in 
einer Richtung parallel zu dem Magnetfeld 



magnetisierten Hauptpermanentmagnet (21, 
31 ) umfaGt; 

wobei das Hauptmagnetmittel (21, 22; 31, 32) 
eine Vorderoberflache aufweist, die gegenuber 

5 der Vorderoberflache des Hauptmagnetmittels 

der anderen Gruppierung angeordnet ist; 
dadurch gekennzeichnet, daG jede Gruppie- 
rung Hilfspermanentmagnetmittel (23-26; 
33-36) umfaGt, die in einer Richtung im wesent- 

io lichen orthogonal zu der Magnetisierrichtung 

des Hauptpermanentmagnets magnetisiert 
sind; 

wobei die Hilfspermanentmagnetmittel benach- 
bart zu dem Umfang der Vorderoberflache an 
*5 dem Seitenrandflachenabschnitt des Hauptma- 

gnetmittels (21 , 22; 31 , 32) diesen beruhrend 
und sich um diesen erstreckend angeordnet 
sind. 

20 2. Vorrichtung nach Anspruch 1 , 

bei der das Hauptmagnetmittel der Gruppierung 
einen die Vorderoberflache bildenden ferromagne- 
tischen Polschuh (22; 32) umfaGt. 

25 3. Vorrichtung nach Anspruch 1 Oder 2, 

bei der die Vorderoberflache des Hauptmagnet- 
mittels der Gruppierung quadratisch ist; und 
bei der das Hilfsmagnetmittel der Gruppierung 
30 vier Stabmagnete (23-26; 33-36) umfaGt, wobei 

jeder Stabmagnet eine derartige GroGe auf- 
weist und derartig geformt ist, daG er sich mit 
einem Seitenrand des Hauptmagnetmittels 
gemeinsam erstreckt. 

35 

4. Vorrichtung nach Anspruch 1 oder 2, 

bei der die Vorderoberflache (65, 65a) des Haupt- 
magnetmittels der Gruppierung zylindrisch ist. 

40 5. Vorrichtung nach Anspruch 4, 

bei der das Hilfsmagnetmittel der Gruppierung eine 
Anzahl von gekrummten Segmenten (66-69) 
umfaGt, die das Hauptmagnetmittel beruhren und 
sich um dessen gesamten Vorderoberflachenrand 

45 erstrecken. 

6. Vorrichtung nach einem der vorhergehenden 
Anspruche, 

umfassend wenigstens einen Elektromagnet, der 
50 nahe zu dem Hauptmagnetmittel der Gruppierung 
angeordnet ist. 

7. Vorrichtung nach Anspruch 6, 

bei der der Elektromagnet Mittel zum Einstellen des 
55 durch das Hauptmagnetmittel erzeugten Magnet- 
felds umfaGt. 

8. Vorrichtung nach einem der vorhergehenden 



14 



27 



EP 0 371 775 B1 



28 



Anspruche, 

umfassend wenigstens einen sekundaren Hilfsper- 
manentmagnet (63), der nahe zu dem Hauptma- 
gnetmittel der Gruppierung angeordnet ist. 

s 

9. Vorrichtung nach einem der vorhergehenden 
Anspruche, 

bei der eine Aushohlung (43, 47, 51 ) auf der Vorder- 
oberflache des Hauptmagnetmittels der Gruppie- 
rung ausgebildet ist. 10 

10. Vorrichtung nach Anspruch 9, 

bet der die Aushohlung als ein konischer Abschnitt 
(47) konfiguriert ist. 

15 

11. Vorrichtung nach Anspruch 9, 

bei der die Aushohlung als eine krummlinige Ober- 
flache (51) konfiguriert ist. 



Gruppierung. 

19. Vorrichtung nach Anspruch 18, 

bei der das thermostatische Steuermittel ein oder 
mehrere Elektroheizelemente (170) umfaGt, die urn 
das Hauptmagnetmittel gewunden sind. 

20. Vorrichtung nach Anspruch 18, 

bei der das thermostatische Steuermittel eine oder 
mehrere Leitungen umfaGt, durch welche ein Heiz- 
oder Kuhlgas oder eine Heiz- oder Kuhlflussigkeit 
gedruckt wird, wobei die Leitungen urn das Haupt- 
magnetmittel gewunden sind. 

21. Vorrichtung nach einem der vorhergehenden 
Anspruche, 

umfassend Mittel zum Begrenzen des durch die 
Gruppierungen erzeugten Magnetfeldes. 



15 



12. Vorrichtung nach Anspruch 11, 20 
bei der die krummlinige Oberflache (51 ) parabolisch 

ist. 

13. Vorrichtung nach Anspruch 11, 

bei der die krummlinige Oberflache (43) spharisch 25 
ist. 

14. Vorrichtung nach einem der vorhergehenden 
Anspruche, 

bei der das Hauptmagnetmittel der Gruppierung mit 30 
einer Abschragung (53) an seinem Vorderflachen- 
rand ausgebildet ist, wobei die Abschragung (53) 
von der Vorderoberflache zu einer ROckoberflache 
des Hauptmagnetmittels hin radial nach innen 
geneigt ist. 35 

15. Vorrichtung nach Anspruch 14, 

bei der das Hilfsmagnetmittel der Gruppierung mit 
einer abgeschragten Oberflache (56) ausgebildet 
ist, wobei die abgeschragte Oberflache (56) den 40 
abgeschragten Rand (53) des Hauptmagnetmittels 
beruhrt. 

16. Vorrichtung nach Anspruch 15, 

bei der die Neigungswinkel des abgeschragten Ran- 45 
des (53) und der abgeschragten Oberflache (56) 
zueinander komplementar sind. 

17. Vorrichtung nach einem der vorhergehenden 
Anspruche, 50 
bei der wenigstens eine elektromagnetische Modu- 
lierspule (171 ) urn das Hauptmagnetmittel der Grup- 
pierung gewunden ist. 

18. Vorrichtung nach einem der vorhergehenden 55 
Anspruche, 

umfassend Mittel (170) zum thermostatischen Steu- 
ern der Temperatur des Hauptmagnetmittels der 



22. Vorrichtung nach Anspruch 21, 

bei der das Begrenzungsmittel ein Material umfaGt, 
aus dem wenigstens die Vorderoberflache des 
Hauptmagnetmittels einer Gruppierung gebildet ist, 
dam it diese Vorderoberflache bei einer vorgegebe- 
nen ausgewahlten Temperatur mit magnetischer 
Energie sattigt und somit der durch diese Vorder- 
oberflache bei dieser Temperatur ubertragene 
magnetische Energiebetrag begrenzt wird. 

23. Vorrichtung nach einem der vorhergehenden 
Anspruche, 

umfassend ein aus ferromagnetischen Material her- 
gestelltes Magnetgehause (10; 90), wobei die erste 
Magnetgruppierung (20; 70) an einem ersten Ende 
des Gehauses angeordnet ist und die zweite 
Magnetgruppierung (30; 80) an einem zweiten, 
gegenuberliegenden Ende des Gehauses (10; 90) 
angeordnet ist, wobei das Gehause (10; 90), die 
Magnetgruppierungen (20, 30; 70, 80) und der Luft- 
spalt (39) einen geschlossenen Kreislauf fur den 
magnetischen EnergiefluB bilden. 

24. Vorrichtung nach einem der vorhergehenden 
Anspruche, 

bei der die Polaritat der ersten Magnetgruppierung 
(20; 70) zu der der zweiten Magnetgruppierung (30; 
80) entgegengesetzt ist. 

25. Vorrichtung nach einem der vorhergehenden 
Anspruche, 

umfassend Feldeinstellmittel, die eine erste Grup- 
pierung aus wenigstens einem Paar elektromagne- 
tischer Korrekturspulen (125-144) umfaGt, die in 
paralleler feststehender raumlicher Beziehung 
angeordnet sind und durch welche ein steuerbarer 
eleklrischer Strom gefuhrt wird. 

26. Vorrichtung nach Anspruch 25, 
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bei der die erste Gruppierung der Korrekturspulen 
zu den Vorderoberflachen der Permanentmagnet- 
mittel parallel ist und dazu angeordnet ist, einen 
Testbereich zwischen den Korrekturspulenpaaren 
zu zentrieren. 

27. Vorrichtung nach Anspruch 25 Oder 26, 

bei der die erste Korrekturspulengruppierung eine 
Mehrzahl der Korrekturspulenpaare umfaBt. 

28. Vorrichtung nach Anspruch 27, 

bei der jedes Korrekturspulenpaar eine erste Spule 
(1 25-1 30, 1 37-1 40) und eine zweite Spule (1 31 -1 36, 
141-144) aufweist, wobei alie ersten Korrekturspu- 
len koplanar und alle zweiten Korrekturspulen 
coplanar sind. 

29. Vorrichtung nach einem der Anspruche 25 bis 28, 
umfassend Feldeinstellmittel, die eine zweite Grup- 
pierung aus elektromagnetischen Korrekturspulen 
(104-109, 116-121) umfaGt, wobei jede der Spulen 
als eine geschlossene Schleife ausgebildet ist, 
wobei sich wenigstens ein Paarder Spulen in einer 
Richtung orthogonal zu den Vorderoberflachen der 
Hauptmagnetmittel erstreckt. 

30. Vorrichtung nach Anspruch 29, 

bei der die zweite Gruppierung eine Mehrzahl der 
Korrekturspulenpaare umfaGt. 

31. Vorrichtung nach einem der Anspruche 25 bis 30, 
bei der das Feldeinstellmittel f erner einen Kern (1 00) 
umfaGt, auf den die elektromagnetischen Korrektur- 
spulen angebracht sind, wobei der Kern (100) zwei 
gegenuberliegende parallele Oberflachen (1 1 0, 1 1 1 ) 
aufweist, die parallel zu den Vorderoberflachen der 
Hauptmagnetmittel angeordnet sind, wobei jede 
Kernoberflache (110, 111) wenigstens eine auf die- 
ser gebildete Nut aufweist, die in der GroGe und der 
Form einer Korrekturspule entspricht, wobei jede 
Korrekturspule innerhalb der entsprechenden Nut 
an der Kernoberflache angebracht ist. 

32. Vorrichtung nach Anspruch 31 , 

bei der die Korrekturspulen als eine Reihe von kon- 
zentrischen Kreisen (125-130) ausgebildet sind, 
wobei jede Kernoberflache eine Reihe entsprechen- 
der konzentrischer kreisfdrmiger Nuten (1 25a- 1 30a) 
darin aufweist, die dazu geformt und dimensioniert 
sind, die konzentrischen Korrekturspulen (125-1 30) 
aufzunehmen. 

33. Vorrichtung nach Anspruch 32, 

bei der ein entsprechender Satz von Nuten 
(125a-130a, 131a-136a) und damit von Korrektur- 
spulen (125-130, 131-136) auf jeder der Kernober- 
flachen (110, 111) ausgebildet ist. 



34. Vorrichtung nach einem der Anspruche 31 bis 33, 
bei der jede Kernoberflache (110, 111) eine Reihe 
von nicht-konzentrischen kreisformigen Nuten 
(137a-140a) aufweist, die darin ausgebildet sind, 

5 wobei in jeder der Nuten eine der elektromagneti- 
schen Korrekturspulen (137-140) angeordnet ist. 

35. Vorrichtung nach Anspruch 34, 

bei der jede der nicht-konzentrischen kreisformigen 
10 Korrekturspulen (1 37-1 40) auf der ersten Kernober- 
flache (110) in entgegengesetzter, feststehender, 
parallel beabstandeter Beziehung zu einer entspre- 
chenden nicht-konzentrischen Korrekturspule 
(141-344) auf der zweiten Kernoberflache (111) 
15 angeordnet ist. 

36. Vorrichtung nach Anspruch 35, 

bei der die nicht-konzentrischen Kreise (1 37-140) in 
einer nicht-uberlappenden Art angeordnet sind, 
20 wobei die Kreise urn jede Kernoberflache (110, 111) 
aquidistant beabstandet sind. 

37. Vorrichtung nach einem der Anspruche 31 bis 36, 
wobei der Kern (100) femer entgegengesetzte erste 

25 (112) und zweite (113) Seitenrander und entgegen- 
gesetzte dritte (122) und vierte (123) Seitenrander 
umfaGt, wobei der Kern (100) wenigstens ein Paar 
geradliniger Nuten darin ausgebildet aufweist, 
wobei jede der Nuten ein erstes Nutensegment 
so (104a) auf der ersten Oberflache (110), ein zweites 
Nutensegment (104b) auf dem ersten Seitenrand 

(112) , eindrittes Nutensegment (104c) auf der zwei- 
ten Oberflache (111) und ein viertes Nutensegment 
(104d) auf dem zweiten Seitenrand (113) aufweist, 

35 urn eine durchgehende Anbringungsnut (1 04) zu bil- 
den, wobei in jeder Nut eine der Korrekturspulen 
(104-109) angebracht ist. 

38. Vorrichtung nach Anspruch 37, 
40 bei der das Kernelement (100) eine Mehrzahl der 

geradlinigen Nuten umfaGt, die sich urn die erste 
Oberflache (110), den ersten Seitenrand (112), die 
zweite Oberflache (111), den zweiten Seitenrand 

(113) erstrecken und die sich urn die erste Oberfla- 
45 che (110), den dritten Seitenrand (122), die zweite 

Oberflache (111) und den vierten Seitenrand (123) 
erstrecken. 

39. Vorrichtung nach Anspruch 38, 

50 bei der die Korrekturspulen durch Winden einer aus- 
gewahlten Anzahl von Kabelwindungen (104-109, 
116-121) in jede der geradlinigen Nuten gebildet 
sind. 

55 40. Vorrichtung nach Anspruch 39, 

bei der die Korrekturspulen (104-109, 116-121) 
einen Testbereich uberdecken und umgeben. 
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41. Vorrichtung nach einem der Anspruche 25 bis 40, 
bei der die Korrekturspulen in ausgewahlten Grup- 
pierungen von Korrekturspulenpaaren gesteuert 
werden, wobei eine gesonderte Energieversorgung 

fur jede ausgewahlte Gruppierung verwendet wird. s 

42. Vorrichtung nach einem der Anspruche 25 bis 41 , 
umfassend Mittel zum Modulieren des durch die 
Korrekturspulen erzeugten Magnetfeldes, um eine 
Relativbewegung des Magnetfeldes bezuglich einer 10 
Testprobe zu erzeugen, die zwischen der ersten und 
der zweiten Magnetgruppierung angeordnet ist. 

43. Vorrichtung nach einem der vorhergehenden 
Anspruche, ?5 
umfassend Mittel (1 60) zum Ubertragen von Ultra- 
schallenergie auf eine zwischen der ersten und der 
zweiten Magnetgruppierung (20, 30) angeordnete 
Testprobe. 

20 

44. Vorrichtung nach einem der vorhergehenden 
Anspruche, 

umfassend eine um ein Hauptmagnetmittel gewun- 
dene Modulierspule (171). 

25 

45. Vorrichtung nach einem der vorhergehenden 
AnsprOche, 

umfassend Mittel zum Begrenzen des durch die Vor- 
deroberflache des Hauptmagnetmittels einer Grup- 
pierung Obertragenen Magnetfluflbetrages durch 30 
Auswahlen eines Materials, aus dem die Vorder- 
oberflache hergestellt ist und das bei einer vorgege- 
benen Temperatur sattigt 

46. Vorrichtung nach Anspruch 2 oder einem der auf 35 
Anspruch 2 ruckbezogenen Anspruche, 

bei der der Polschuh (65a) einer Gruppierung klei- 
ner als das Hauptmagnetmittel der Gruppierung ist 
und von diesem Oberdeckt ist. 

40 

47. Vorrichtung nach einem der vorhergehenden 
Anspruche, 

bei der irgendeine Kombination aus Hauptperma- 
nentmagnet, Hilfsmagnete und Polschuh, sofern 
vorgesehen, als ein einzelnes integrates Objekt her- 45 
gestellt ist. 



Revendications 

50 

1. Appareil pour cr6er et maintenir un champ magn6- 
tique de force et d'uniformite pr6determin6e, ledit 
appareil comportant: 

des premier et deuxieme groupes d'aimants ss 
(20,30); et 

des moyens de separation i'un de I'autre desdits 
groupes (20,30); 



lesdits premier et deuxieme groupes d'aimants 
et lesdits moyens de separation (20,30) etant 
disposes de facon telle a d6finir un entrefer (39) 
en travers duquel s'etend un champ magneti- 
que cr£e par lesdits premier et deuxieme grou- 
pes d'aimants; 

chacun desdits groupes (20,30) comportant un 
moyen a aimant principal (21 ,22;31 ,32) com- 
portant un aimant permanent (21,31) magnetise 
dans le sens parallele avec ledit champ magn6- 
tique; 

ledit moyen a aimant principal (21, 22; 31 ,32) 
comportant une surface f rontale disposed face 
a la surface frontale du moyen a aimant princi- 
pal de I'autre groupe; 

caracterise* en ce que chaque groupe comporte 
un moyen a aimant permanent auxiliaire (23-26; 
33-36) magn6tis6 dans le sens essentiellement 
perpendiculaire au sens de magnetisation des 
aimants principaux; ledit moyen a aimant per- 
manent auxiliaire (23-26; 33-36) etant dispose, 
en contact, et s'etendant sur la portion de sur- 
face de bord lateral du moyen a aimant principal 
(21,22;31,32) voisin du pourtour de la surface 
frontale. 

2. Appareil selon la revendication 1 , dont ledit moyen 
a aimant principal d'un dit groupe prevoit un piece 
ferromagnetique de pdle (22; 32) d6finissant ladite 
surface frontale. 

3. Appareil selon la revendication 1 ou 2, dont ladite 
surface frontale dudit moyen a aimant principal d'un 
dit groupe est carree; et ledit moyen a aimant auxi- 
liaire dudit groupe comporte quatre barres d'aimant 
(23-26; 33-36) dont chaque barre est de taille et de 
forme permettant la co-extension avec un bord late- 
ral dudit moyen a aimant principal. 

4. Appareil selon la revendication 1 ou 2, dont ladite 
surface frontale (65, 65a) dudit moyen a aimant per- 
manent dudit groupe est cyiindrique. 

5. Appareil selon la revendication 4, dont ledit moyen 
d'aimant auxiliaire dudit groupe comporte un nom- 
bre de segments curvilignes (66-69) en contact avec 
ledit aimant principal et s'etendant sur la totalite du 
bord de surface frontale. 

6. Appareil selon Tune quelconque des revendications 
prec6dentes, pr6voyant au minimum un eiec- 
troaimant situe a proximite dudit moyen a aimant 
principal d'un dit groupe. 

7. Appareil selon la revendication 6, dont ledit eiec- 
troaimant pr6voit un moyen r6gulateur du champ 
magnetique produit par ledit moyen a aimant princi- 
pal. 
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8. Appareil selon Tune quelconque des revendications 
precedentes, prevoyant au minimum un aimant per- 
manent auxiliaire secondaire (63) situ6 a proximite 
dudit moyen a aimant principal d'un dit groupe. 

9. Appareil selon I'une quelconque des revendications 
precedentes, comportant un creux (43,47,51 ) forme 
dans la surface frontale dudit moyen a aimant prin- 
cipal d'un dit groupe. 

10. Appareil selon la revendication 9, dont ledit creux 
est configure en section conique (47). 

11. Appareil selon la revendication 9, dont ledit creux 
est configure en surface curviligne (51). 

12. Appareil selon la revendication 11, dont ladite sur- 
face curviligne (51) est parabolique. 

13. Appareil selon la revendication 11, dont ladite sur- 
face curviligne (43) est spherique. 

14. Appareil selon Tune quelconque des revendications 
precedentes, dont ledit moyen a aimant principal 
d'un dit groupe est forme par un chanfrein (53) au 
bord de surface frontale, ledit chanfrein (53) etant 
en pente radiale interieure a partir de ladite surface 
frontale vers une surface posterieure dudit moyen a 
aimant principal. 

15. Appareil selon la revendication 14, dont ledit moyen 
a aimant auxiliaire d'un dit groupe est forme" par une 
surface chanfrein6e (56), ladite surface chanf reinee 
(56) etant en contact avec ledit bord chanfreine (53) 
dudit moyen a aimant a aimant principal. 

16. Appareil selon la revendication 15, dont les angles 
d'inclinaison dudit bord chanf rein6 (53) et ladite sur- 
face chanf reinee sont complementaires. 

17. Appareil selon I'une quelconque des revendications 
precedentes, comportant au minimum une bobine 
§lectromagnetiquede modulation (171 ) enveloppSe 
autour dudit moyen a aimant principal d'un dit 
groupe. 

18. Appareil selon I'une quelconque des revendications 
precedentes, comportant un moyen de regulation 
thermostatique (1 70) de la temperature dudit moyen 
a aimant principal d'un dit groupe. 

19. Appareil selon la revendication 18, dont le moyen 
de regulation thermostatique comporte un seul ou 
plusieurs elements de chauffage enveloppes (170 
autour dudit moyen a aimant principal. 

20. Appareil selon la revendication 18, dont ledit moyen 
de regulation thermostatique comporte un seul ou 



plusieurs conduits dans lesquels un gaz de chauffe 
ou de refrigeration est refouie, lesdits conduits etant 
enveloppes autour dudit moyen aimant principal. 

s 21. Appareil selon I'une quelconque des revendications 
precedentes, comportant un moyen limiteur du 
champ magnetique produit par lesdits groupes. 

22. Appareil selon la revendication 21 , dont ledit moyen 
to limiteur comporte un materiau dont au minimum la 

surface frontale du moyen a aimant principal d'un dit 
groupe est faconne afin de saturer ladite surface 
frontale d'energie magnetique a une temperature 
donnee pr6determinee, limitant ainsi le montant 
15 d'energie magnetique transmise par ladite surface 
frontale a ladite temperature. 

23. Appareil selon I'une quelconque des revendications 
precedentes, comportant un logement d'aimant 

20 (10;90) realise en matiere ferromagnetique, ledit 
premier groupe d'aimant (20;70) dispose a une pre- 
miere extr6mite dudit logement et ledit deuxieme 
groupe d'aimant (30;80) dispose a une deuxieme 
extremite opposee dudit logement (10;90), ledit 

25 logement (10;90), lesdits groupes d'aimants 
(29,30;70,80) et ledit entrefer (39) definissant un cir- 
cuit ferme d'ecoulement de I'energie magnetique. 

24. Appareil selon Tune quelconque des revendications 
30 precedentes, dont la polarite du premier groupe 

d'aimants (20; 70) est I' inverse de celle dudit 
deuxieme groupe d'aimants (30;80). 

25. Appareil selon I'une quelconque des revendications 
35 precedentes, comportant un moyen r6gulateur de 

champ pr6voyant au minimum une paire de bobines 
eiectromagnetiques (125-144) situ6es en rapport 
spatial paralieie fixe et par lesquels un courant eiec- 
trique reglable est passe. 

40 

26. Appareil selon la revendication 25, dont ledit premier 
groupe desdites bobines de feuillard est paralieie 
par rapport auxdites surfaces frontales dudit moyen 
a aimant permanent et se trouve situe au centre 

45 dPzone d'essai entre lesdites bobines de feuillard. 

27. Appareil selon la revendication 25 ou 26, dont ladite 
premier groupe de bobines de feuillard pr6voit une 
piuralite desdites paires de bobines de feuillard. 

50 

28. Appareil selon la revendication 27, dont chacune 
des paires de bobines de feuillard comporte une pre- 
miere bobine (125-130, 137-140) et une deuxieme 
bobine (131-136, 141-144), toutes lesdites premie- 
rs res bobines etant coplanaires et toutes lesdites 

deuxtemes bobines etant coplanaires. 

29. Appareil selon I'une quelconque des revendications 
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25 a 28, prSvoyant un moyen d'ajustage de champ 
comportant un deuxieme groupe de bobines 6lec- 
tromagnStiques de feuillard (104-109, 116-121), 
chacune desdites paires etant sous forme de boucle 
fermee avec au minimum une paire desdites bobi- 
nes qui s'etend dans le sens perpendiculaire par 
rapport auxdites surfaces frontales dudit moyen a 
aimant principal. 

30. Appareil selon la revendication 29, dont ledit 
deuxieme groupe comporte une pluralite desdites 
paires de bobines de feuillard. 

31. Appareil selon Tune quelconque des revendications 
25 a 30, dont !e moyen d'ajustage de champ com- 
porte en outre un noyau (100) sur lequel sont mon- 
tees lesdites bobines electromagnet iques de 
feuillard, ledit noyau (100) ayant une paire de surfa- 
ces paralleles oppos§es (110,111) disposers paral- 
leies auxdites surfaces frontales dudit moyen a 
aimant principal, chacune des surfaces dudit noyau 
(110,111) ayant au minimum une rainure formee 
pour correspondre a la cote et a la forme d'une dite 
bobine de feuillard, chacune desdites bobines de 
feuillard etant montees en surface de noyau dans la 
rainure correspondante. 

32. Appareil selon la revendication 31, dont lesdites 
bobines de feuillard sont formers comme une s6rie 
de cercles concentriques (125-130) avec chacune 
desdites surfaces de bobine portant une s6rie de rai- 
nures circulates concentriques (125a-130a) for- 
mers et cotees pour recevoir lesdites bobines con- 
centriques de feuillard (125-130). 

33. Appareil selon la revendication 32, dont un jeu cor- 
respondent de rainures (125a-1 30a), 1 31a-1 36a) et 
par consequent de bobines de feuillard (125-130, 
1 31 -1 36) est forme sur chacune desdites surfaces 
de noyau (110,111). 

34. Appareil selon Tune quelconque des revendications 
31 a 33, dont chacune desdites surfaces de noyau 
(110,111) prevoit une serie de rainures circulaires 
non concentriques (137a-140a) formees sur place 
avec Tune des bobines electromagneliques de 
feuillard (137-140) disposed dans chacune desdites 
rainures. 

35. Appareil selon la revendication 34, dont chacune 
desdites bobines de feuillard circulaires non -con- 
centriques (1 37-140) sur ladite premiere surface de 
noyau (110) se trouve en position spatiale parallele, 
fixe, oppose par rapport a une bobine de feuillard 
non-concentrique correspondante (141-344) sur 
ladite surface de deuxieme aimant (111). 

36. Appareil selon la revendication 35, dont lesdits cer- 



cles non-concentriques (1 37-1 40) sont disposes de 
maniere chevauchante par rapport aux dits cercles 
espac6s equidistants sur chacune desdites surfa- 
ces de bobine (110,111). 

5 

37. Appareil selon Tune quelconque des revendications 
31 a 36, dont chaque noyau (1 00) comporte en outre 
des bords lateraux opposes premier (112) et 
deuxieme (113) et des bords lateraux opposes troi- 

10 sieme (122) et quatrieme (123), ledit noyau (100) 
portant au minimum une paire de rainures lineaires, 
avec chacune desdites rainures ayant un premier 
segment de rainure (104a) sur ladite premiere sur- 
face (110), un deuxieme segment de rainure (104b) 

is sur ledit premier bord lateral (1 1 2), un troisieme seg- 
ment de rainure (104c) sur ladite deuxieme surface 
(1 1 1 ) et un quatrieme segment de rainure (1 04d) sur 
ledit deuxieme bord lateral (113) pour former une rai- 
nure continue de pose (104), une desdites bobine 

20 de feuillard (104-109) etant montee dans chacune 
desdites rainures. 

38. Appareil selon la revendication 37, dont ledit mem- 
bre de noyau (100) comporte une multiplicite desdi- 

25 tes rainures lineaires qui s'6tendent de part et 
d'autre de ladite premiere surface (110), dudit pre- 
mier bord lateral (112), de ladite deuxieme surface 
(111), dudit deuxieme bord lateral (113), et s'eten- 
dent de part et d'autre de ladite premiere surface 

30 (110), dudit troisieme bord lateral (122), de ladite 
deuxieme surface (111), et dudit quatrieme bord 
lateral (123); 

39. Appareil selon la revendication 38, dont lesdites 
35 bobines de feuillard sont fornrtees en enroulant un fil 

(104-109, 116-121) pour un nombre predetermine 
de tours dans chacune des rainures lineaires. 

40. Appareil selon ia revendication 39, dont lesdites 
40 bobines de feuillard (104-109, 116-121) se chevau- 

chent et entourent une zone d'essai. 

41. Appareil selon I'une quelconque des revendications 
25 a 40, dont chacune des bobines de feuillard est 

45 commandee en groupes predetermines de paires 
de bobines de feuillard par rintermediaire de I'emploi 
d'une amende s6par6e de courant pour chacun des 
groupes ainsi s6lectionne\ 

50 42. Appareil selon I'une quelconque des revendications 
25 a 41 , comportant un moyen de modulation du 
champ magnetique produit par lesdites bobines de 
feuillard pour assurer un mouvement relatif dudit 
champ magnetique par rapport a une eprouvette 

55 d'essai placee entre les premier et deuxieme grou- 
pes d'aimants. 

43. Appareil selon I'une quelconque des r vendications 
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precedentes, comportant un moyen (160) de trans- 
mission d'6nergie ultrasonique a une 6prouvette 
placed entre les premier et d uxieme groupes 
d'aimants (20,30). 

5 

44. Appareil selon Tune quelconque des revendications 
precedentes, comportant une bobine de modulation 
(1 71 ) enveloppant un desdits moyens a aimant prin- 
cipal. 

10 

45. Appareil selon Tune quelconque des revendications 
precedentes, prSvoyant des moyens pour limiter le 
montant du flux magnetique transmis au travers de 
la surface frontale dudit moyen d'aimant principal 
d'un dit groupe en s^lectionnant un materiau a partir 15 
duquel la surface frontale est r6alis6e, qui devient 
satur6e a une temperature donnee. 

46. Appareil selon la revendications 2 ou Tune quelcon- 
que des revendications dSpendantes de la revendi- 20 
cation 2, selon laquelle la piece de pole dudit groupe 

est de taille inferieure et envelopp6e par ledit moyen 
a aimant principal dudit groupe. 

47. Appareil selon Tune quelconque des revendications 25 
precedentes, dont toute combinaison dudit aimant 
permanent principal, les aimants auxiliaires et la 
piece de pole en I'occurrence, sont realises sous 
forme d'article unique integral. 

30 
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